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Abstract: We present a novel wavelength-swept laser source for optical coherence
tomography (OCT) which is based on the conventional laser diode technology of the vertical-
cavity surface-emitting laser (VCSEL). In our self-heating sweep VCSEL (SS-VCSEL), a
VCSEL device is simply driven by ramped pulses of currents in direct intensity modulation.
The intrinsic property of VCSEL produces a frequency-swept output through the self-heating
effect. By the injected current, the temperature of the active region is gradually increased in
this effect. Consequently, it changes the wavelength of the laser output by itself. In this study,
various characteristics of our SS-VCSEL were experimentally investigated for low-cost
instrumentation of a swept source OCT system. A low-cost SS-VCSEL-based OCT system
was demonstrated in this research that provided an axial resolution of 135 um in air,
sensitivity of 91 dB and a maximum imaging range longer than 10 cm when our source was
operated at a sweep repetition rate of 5 kHz with an output power of 0.41 mW. Based on the
experimental observations, we believe that our SS-VCSEL swept source can be an economic
alternative in some of low-cost or long-range applications of OCT.

© 2017 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (140.7260) Vertical cavity surface emitting lasers;
(170.4500) Optical coherence tomography.
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1. Introduction

Since the first practical demonstration of swept-source optical coherence tomography (SS-
OCT) [1,2], the performance enhancement and the expansion of the application fields have
been fueled by development of various swept laser sources. A number of schemes have been
proposed and deployed for higher imaging speeds [3—8], wider imaging ranges [8,9], finer
resolutions [10], new wavelength bands [11-13], efc., on the main engines of SS-OCT. Those
advances have made the SS-OCT techniques more attractive and colorful for various fields of
application. However, the costs of the SS-OCT systems are still high and have limited their
applicability in many of potential areas. Including the time-domain or the spectral-domain
OCT counterparts, most of the conventional OCT technologies are hardly suited to mobile
healthcare units [14] or low-cost medical instruments for lowly developed countries. So far,
the OCT systems require costly specialized elements such as a rapidly sweeping laser, high-
resolution spectrometer or a broadband light source. The instrumentation costs cannot be
greatly reduced until the economy of massive scale is established for them.

It is well known that a cheap single-mode laser diode such as a distributed feedback
(DFB) laser has inherent wavelength-tuning capabilities [15]. Involved with the carrier
density of the semiconductor, the injected-current dependence of the output wavelength is
observed, but mostly too small to be utilized for a swept source. On the other hand, the
temperature dependence is more considerable, typically given on the order of 0.1 nm/K’s
[15]. Owing to the variation of the refractive index by temperature, the optical path-length of
the laser cavity can be tuned by heating or cooling the device. Presuming a practical
temperature tuning range to be 100 K, wavelength sweeping of ~10 nm is readily obtainable
in an economic way [16—18]. The critical drawback of the heater-based tunable laser is its low
speed of operation. Heating or cooling a laser diode needs a time span far longer than
milliseconds in most cases. Particularly, the active region of a typical edge-emitting laser
diode is quite long and well connected to the substrate of the device. The speed of the thermal
conduction for the bulky structure cannot be so fast and never fulfill the demand in the SS-
OCT imaging. Nevertheless, it suggests that the operation speed could be largely enhanced if
the heated volume were very small and loosely connected to the main body of the laser for
fast and efficient heating.
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The vertical-cavity surface-emitting laser (VCSEL) has such a property which may
provide a simple way of making a fast swept source by temperature tuning. The VCSEL is a
type of laser diodes with a very short laser cavity formed by distributed Bragg reflectors
(DBRs). It has a very thin active region sandwiched by the two DBR mirrors. Undesirably in
high-power operations, the DBRs have poor thermal conductivities preventing the heat of the
active region from easily dissipating through them [19]. As a consequence, temperature of the
active region is easily increased by the internal heat sources. This results in extraordinary
output characteristics. VCSELs look like having high dependence of operation wavelength on
the injected current. This must not be confused with a purely current-involved effect. In fact,
as more current is injected, the internal temperature of the active region is getting higher
through the self-heating effect [19,20]. This temperature change finally produces a shift of
operation wavelength. The self-heating effect has been routinely observed in the field of
VCSEL research as one of the unwanted properties that limit the maximum output power. But
it might give a straightforward and simple way of making a swept source.
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Fig. 1. Structure of the VCSEL device (a), and its response under pulse driving. Here, V(t),
P(t) and A(t) are the driving voltage, the optical output power and the output’s wavelength in
time, respectively.

In this study, we took advantage of the self-heating effect for sweeping the output
wavelength. By electrically driving a VCSEL in a proper manner, a useful swept source for
SS-OCT was realized in a surprisingly simple way. Our source should not be confused with a
MEMS-based VCSEL device in which a micro-electromechanical mirror tunes the cavity
length in a mechanical manner [8,9]. For our making a swept source, no internal or external
mechanics was involved. In our study, we utilized a VCSEL diode laser that has a
conventional device structure of undercut quantum wells [19]. Figure 1 shows the schematic
device structure (a) and the output response of the VCSEL when driven by a sawtooth current
(b). Inside the VCSEL device, the active layer of multiple quantum well (MQW) is placed
between the semiconducting cladding layers. They give current injection pathways,
simultaneously acting as major heat dissipating routes to the external metal contacts. The
active MQW is electrically and thermally isolated in the transverse plane. The vertical heat
conduction throughput is also low because of the cladding’s thinness. After all, the active
region is easily heated by the injected current. This gives a suitable type of VCSELSs to make
a self-heating-induced sweep. As the VCSEL diode is driven by sawtooth-like current pulses
as illustrated in Fig. 1(b), the temperature gradually increases and the wavelength (A) is
continuously swept accordingly. A cooling period of low or no currents below the laser’s
threshold is necessary because no active cooling mechanism is utilized inside the device. Our
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self-heating sweep VCSEL (SS-VCSEL) is a VCSEL source driven in an optimal way of
producing a wavelength-swept output in this principle of operation.

In this report, development of the SS-VCSEL source is fully described focused on
introducing a new low-cost swept source for SS-OCT imaging. Various characteristics of the
VCSEL in a sweep operation mode were investigated for the purpose. Basic imaging
performances of the SS-OCT system were evaluated to find the feasibility. It was found that
our SS-VCSEL may give OCT imaging performances acceptable or promising for some of
specialized OCT applications. The maximum effective sweep rate was found to be between
10 kHz and 100 kHz. The full bandwidth of sweep was 10 nm, supporting an axial resolution
of 135 pum in air. The maximum imaging range was longer than 10 cm, which is a very
attractive feature for long-range OCT imaging. Notice that, in our study of SS-VCSEL, we
utilized a VCSEL commercially available in the market. The unit price is no more than a
hundred US dollars and can be even lower in large quantities. No additional optical or
mechanical element was added except for the driving electronics. According to the best of our
knowledge, this gives the least expensive solution for SS-OCT instrumentation.

2. Properties of the VCSEL
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Fig. 2. Spectra of the VCSEL’s output in CW operation with various currents: /= 2, 4, 6, 8,
10 and 12 mA from the left.

The basic properties of the VCSEL device were evaluated before making our swept source.
The VCSEL device used in this study was originally developed for a telecom laser source
operating in the 1.3-um wavelength band (RC22xxx1-F, Raycan, South Korea). According to
the manufacturer’s information, the basic device structure was the same as given in Fig. 1(a)
[21]. In our experiment, the optical spectra of the VCSEL’s output were measured with an
optical spectrum analyzer (OSA) in DC and AC electric driving conditions. For current
regulation, an electric resistor of R = 200 Q was placed in series with the VCSEL laser diode.
The injected current, 7y, could be monitored by the voltage across the resistor. At first, the
temperature-wavelength coefficient was evaluated. Changing the case temperature of the
VCSEL in a range of 3 to 24°C, the peak wavelength of the laser was measured while keeping
the injected current constant. The coefficient was measured to be 0.08 nm/K. This matches a
typical value of the single-mode laser diode operating at the wavelength band. In the next, the
self-heating effect and the consequent wavelength variation by injected current were tested.
Figure 2 shows the optical spectra of the continuous-wave (CW) operation mode in DC
current driving. It depicts the spectra of I, =2, 4, 6, 8, 10 and 12 mA for the peaks from the
left. The measurement result clearly showed an apparent dependence of the wavelength on the
injected current. The output power of the VCSEL reached its peak at [, = 10 mA and
decreased monotonically at higher currents. It was explained by the self-heating effect. The
quantum Yyield of radiative transitions drops by the rise of phonon-involved processes in the
active region after being self-heated by the current.
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The dynamics of the self-heating effect was investigated in AC current driving condition.
Rectangular current pulses of 50% duty ratio were injected into the VCSEL while keeping a
constant pulse amplitude, 4 mA. Both the low and the high sides of the pulse’s current were
above the threshold current. The output spectrum of the VCSEL was measured with the OSA
at each pulse frequency. The measurement was repeated as varying the frequency, f, from 10
Hz through 1 MHz. Figure 3 shows the resulted spectra of different driving frequencies (a),
and the wavelength separations, AA, measured as a function of frequency (b). As seen in Fig.
3(a), each output spectrum produced two peaks at the spectral edges when operated at a low
frequency (<100 kHz). In the pulsed operation, the temperature of the active region must have
followed the current variation, alternating between two distinct points. However, the peaks
became less clear at higher frequencies, probably due to the transient responses of the internal
temperature variations. Here, the peak wavelength separation, AA, was found in each
spectrum. It could be regarded as a transfer function of the VCSEL’s current-to-wavelength
conversion in the self-heating sweep (SS) operation. The small-signal response could tell the
operation speed limit in a linear-system approximation. The measurement result of Fig. 3(b)
suggests that the speed of wavelength tuning by current modulation was limited by a
relatively slow dynamics that occurred in a few tens of microseconds. Certainly, this could
not be the fast carrier dynamics involved with the current by itself. It was better explained to
be driven by the thermal effect. And the thermal dynamics was thought to be exceptionally
fast in the VCSEL due to the unique device structure. From the result shown in Fig. 3(b), the
maximum sweep rate would be expected to be around 100 kHz estimated in a linear-system
approximation, if a decrease in sweep bandwidth by 50% could be accepted. It would be 40
kHz if an optical bandwidth loss of 30% was allowed.
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Fig. 3. Spectra of the VCSEL’s output when driven by rectangular current pulses of different
driving frequencies (a), and the wavelength separation of the spectral peaks, AL, which was
obtained in each spectrum as a function of driving frequency, /' (b). In Fig. 3(b), the blue line is
the curve fit of the measured values denoted by square dots.

3. SS-VCSEL swept source

Our SS-VCSEL source was constructed based on the information found by the VCSEL’s
basic properties. We chose a sawtooth waveform for the current pulse applied to the device
with a proper DC bias. To allow a sufficient cooling period, a duty ratio of 50% was given to
the laser’s output power. This could be obtained by adjusting the DC current. The driving
frequency was set to /=5 kHz for the best bandwidth, and /= 40 kHz for the best speed
operation. Those two driving conditions would be compared in performance. Here, it is worth
noting that the true effective sweep rates of our SS-VCSEL were twice the nominal speeds
because of the 50% duty ratio. By employing two SS-VCSELs that operate in parallel,
doubled sweep rates could be obtained in an alternating operation. The case temperature of
our VCSEL was actively cooled down and kept constant at 3°C ( + 1°C) for a wider
bandwidth. The effect of the case cooling will be discussed later in this report. The average
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optical power of the laser was 412 pyW and 472 uW for f = 5 kHz and f = 40 kHz,
respectively. To measure the sweep characteristics, an interferometric measurement was
needed for the spectral fringe analysis. We built an SS-OCT system for this purpose and it
was used as the imaging system later as well. Figure 4 shows the schematic of the SS-OCT
system constructed with our SS-VCSEL source and a fiber-optic 3-dB coupler. This simple
Michelson-type configuration of SS-OCT gave minimal complexity but naturally exhibited a
decreased power efficiency with a sensitivity penalty. But it was acceptable for the purpose of
evaluating the basic performance of our SS-VCSEL.
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Fig. 4. Schematic diagram of the simple SS-OCT system with our SS-VCSEL source.
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Fig. 5. Optical power of the SS-VCSEL’s output when driven at /= 5 kHz (a), and /= 40 kHz,
respectively.

Figure 5 shows the detected power waveform of the VCSEL’s optical output in the SS
operation modes of /= 5 kHz (a) and f = 40 kHz (b), respectively. Those outputs were
obtained by sawtooth pulses with upward current ramps (). As indicated by an arrow in
each plot of Fig. 5, the origin of the time coordinate (f) was set to be at the falling edge for
each outputted laser pulse, i.e., at the end of each current ramp. In an operation cycle, there
were a laser sweep period (¢<0) and a cooling period of no output power (#>0) that make up a
pulse’s duty ratio of 50%. The optical spectra of the SS-VCSEL’s outputs are shown in Fig. 6
for the two driving conditions. The full optical bandwidth was 10 nm for /= 5 kHz while it
was 7 nm for /= 40 kHz. For those two conditions, the same amplitudes and bias currents
were applied while switching the frequency. Because of the limited speed of heating and
cooling in the self-heating process, the SS-operation bandwidth decreased in the high-
frequency regime. This result well agreed with the property of the VCSEL observed in Fig.
3(b).

The interferometric SS-OCT system was used to find the sweep characteristic of our SS-
VCSEL. In a sweep period, the wavelength was continuously changed with a non-zero optical
power. This sweep could be expressed with wavenumber, k& = 2n/h. The time-to-k map, so
called #-k conversion map, defines the relation of the two domains for the VCSEL’s pulsed
sweep. In our experiment, the map was obtained by acquiring the spectral interferogram with
the SS-OCT system. For this, an isolated single reflection point was located on the sample
arm at a known position. By help of Hilbert transform, the #-k conversion map was extracted
so that the resampled A-domain interferogram appeared as a sinusoid of a given frequency.
Figure 7 and Fig. 8 show the acquired raw interferograms (a), the measured -k conversion
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maps (b), and the resampled interferograms in the k& domain (c) for the two operation
conditions of f'= 5 kHz and f= 40 kHz, respectively. In this measurement, the reflection point
on the sample arm was placed 5.0 mm apart from the origin, i.e., the conjugated position of
the reference mirror. As seen in Fig. 7(b) and Fig. 8(b), the sweep operation observed in the ¢-
k map was continuous over the full bandwidth. But it was obviously not a linear sweep. The
k-tuning speed was getting faster to the end of each sweep. It could be explained by the fact
that the heating rate must have been accelerated as the temperature increased.
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Fig. 6. Output spectra of the SS-VCSEL driven at /= 5 kHz (dots) and /= 40 kHz (line),
respectively.
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Fig. 7. Raw time-domain interferogram (a), the #-k conversion map (b), and the resampled -
domain interferogram (c), respectively, obtained with our SS-VCSEL driven at f= 5 kHz.
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Fig. 8. Raw time-domain interferogram (a), the -k conversion map (b), and the resampled -
domain interferogram (c), respectively, obtained with our SS-VCSEL driven at f= 40 kHz.

4. Imaging performance

The OCT imaging performance was evaluated for the SS-OCT system utilizing our SS-
VCSEL swept source. The axial point spread functions (PSFs) were obtained as changing the
position of the reference reflector. The axial resolutions and the sensitivities were estimated
from the PSFs. Figure 9 shows the measurement results for the case of =5 kHz (a), and f'=
40 kHz (b), respectively. Here, z on the horizontal is the positional axis of the inverse-k
domain. The sample reflector used for this measurement made a constant reflection of —35.4
dB. The reflected power and the state of the polarization were readjusted every time after
changing the position. An optical power-meter and a polarization controller were used for
this. Here, the axial resolution was defined by the full width of the PSF at the power level of
—6 dB in respect to the peak power. For our OCT system, the axial resolution was found to be
135 pum and 170 pum in the cases of /=5 kHz and f'= 40 kHz, respectively. This corresponds
to resolutions of 96 um and 121 pm in typical tissues samples (n = 1.4). The obtained
resolutions nearly matched the transform-limited performance. The overall resolving power
was somehow disappointing, roughly ten times lower than those of the current OCT
technologies. It was naturally due to the narrow bandwidth of our source.

(a)

Power[dB]

(b)

Power[dB]

20 30 40 50 60
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Fig. 9. Axial PSFs of the system for the cases of /=5 kHz (a) and /= 40 kHz (b), respectively.
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Fig. 10. Peak power and the resolution of the PSF as functions of the axial position for the
cases of /=15 kHz (a) and /=40 kHz (b), respectively.

The system sensitivity was evaluated to be —91.0 dB for the case of /=5 kHz, and —82.6
dB for /= 40 kHz, respectively, with the sample-arm powers of 192 uW and 223 uW. Note
that the sensitivity is proportional to the optical power. For our system, it could be better than
—100 dB if the sample-illuminating power were more than 2 mW in the case of /= 5 kHz.
Still, practical OCT imaging was obtainable without a power booster amplifier for our swept
source. The variation of resolutions and peak powers of the PSF along the axial position of
the reflector, denoted by z, were summarized in Fig. 10. The imaging range was found to be
very wide due to the superior instantaneous linewidth of our laser source. In the case of =5
kHz, the peak power roll-off was no more than 2 dB up to 100 mm allowing an exceptionally
wide imaging range of OCT. In the case of /= 40 kHz, significant peak power drops and the
resolution degradation were observed in z>70 mm. It could be explained by the limited
bandwidth of our photodetector used in the system. For both the cases, the maximum imaging
range was longer than 100 mm, defined by the 6-dB sensitivity roll-off limit.
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Fig. 11. Measured dynamic range of the system as a function of the axial position for the case
of /=5 kHz.
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Fig. 12. OCT images of a human fingertip (a) and a 150-pm thick glass plate (b), respectively,
acquired in 0.4 second. The full depth of the vertical dimension was 5 mm in air.

In the case of /=5 kHz, the imaging range was, however, restricted by the dynamic range.
As indicated by an arrow in Fig. 9(a), the main lobe of the PSF was followed by spurious
responses in the both sides. This type of sidelobes were not observed for z<10 mm. However,
for the PSFs of z>10 mm, they grew stronger as the position got farther. Those noise-like
signals might overwhelm the weak real signals in the vicinity of a strong peak. And this effect
definitely limited the dynamic range of the system. The dynamic range (DR) was measured
by the ratio of the peaks between the main lobe and the sidelobes of a PSF as illustrated in
Fig. 9(a). Figure 11 shows the dynamic range variation along the axial position for f= 5 kHz.
Assuming the minimum acceptable dynamic range is 20 dB in practical OCT imaging, the
imaging range reduced to 90 mm. This problem of the dynamic range reduction was not
observed in the case of /=40 kHz. The cause of those spurious sidelobes and the reason why
they appeared only in the low-speed operation were not found in this study and remained for
the future investigation.

Finally, OCT imaging test was performed with our SS-OCT system. A one-axis beam
scanner was equipped at the sample arm. OCT images were acquired while the SS-VCSEL
was operated at /=5 kHz. Figure 12 shows OCT images of a human fingertip (a), and a 150-
pum thick glass plate, respectively, obtained with our SS-OCT system. Compared to popular
OCT images of human fingertips available in the literature, the image of Fig. 12(a) is largely
blurred in the vertical direction because of the low axial resolutions. The dermis and
epidermis layers were still resolved. In Fig. 12(b), the front and back planes spaced by 150
um in glass were well resolved as well. Concerned with the axial resolutions, our SS-OCT
seems unsuitable for typical applications of high-resolution imaging at the current stage.

5. Discussion

The overall performance characteristic of our SS-VCSEL has been found quite different from
the conventional types of swept sources. It can be summarized to a relatively poor resolution,
a long image range and a low power. The power can be easily boosted by a semiconductor
optical amplifier (SOA) in moderate costs. Due to the wide imaging range, our SS-VCSEL
can be suitable for applications such as the anatomical OCT that visualizes the internal
anatomy of hollow organs in a relatively large scale [22,23]. It can be suited for some of
dental applications such as an intraoral 3D scanner [24] as well as the industrial 3D scanners.
Taking advantage of the inexpensiveness, our SS-VCSEL may help explore non-conventional
applications that the current OCT technologies have practically neglected due to the cost-
related issues.

The axial resolution of our SS-VCSEL is too poor to be useful in most of medical
applications. It may need enhancements by a factor of 3 or 4 at least. There are two possible
ways of extending the bandwidth in our SS-VCSEL: deep cooling and bandwidth
combination. In the temperature range of our SS-VCSEL operation, the upper limit was
involved with the quantum yield drop due to the non-radiative recombination of carriers. And
the lower limit was the case temperature. Cooling the device’s case gives a gain of bandwidth
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by 0.08 nm/K. We experimentally confirmed that cooling the laser case down by 21 K
beneficially increased the sweep bandwidth by + 1.8 nm through allowing a higher current at
the peak. In a simple math, a bandwidth enhancement factor of 2 might be realized by deeply
cooling the VCSEL by 125 K but, obviously, with costs of massive cooling mechanism. In
our experiments, we kept our VCSEL’s case at 3°C, ~20 K lower than the room temperature.
This gave us a gain of + 1.6 nm. Cooling by —20 to —30 K can be practical due to inexpensive
thermoelectric coolers (TECs). Further enhancement by deep cooling seems unpractical in
terms of cost-effectiveness at the current stage. On the other hand, multiple VCSELs of
slightly different operation wavelengths could cooperate for a wider combined bandwidth.
For example, four VCSELs with a wavelength spacing of 8 nm could be arrayed in parallel to
generate their own sweeping pulses. The outputs from the different lasers could be optically
combined in temporally interleaving the pulses. It could give time-domain multiplexing of
multiple bands. Then, the full bandwidth of the combined sweep could be as wide as ~32 nm.
This could possibly meet the demand of most low-cost medical imaging systems.

The performance improvement could be achieved by optimization of the device structure
or the materials used in VCSEL. The thermal conduction capability is involved with heating
and cooling rates. If too high, the active region will be heated too slow, but cooled so fast. If
too low, vice versa. There must be an optimum level of thermal conductivity for best speeds
operation. Applying temperature-sensitive materials in VCSEL could increase the bandwidth
of sweep. The material selection for the active region has low degree of freedom. But, for the
surrounding cladding layers or the DBR layers, better materials might be selected that exhibit
a higher temperature-index coefficient for a wideband operation.

A critical factor on the practical applicability of our technique in the real-world systems is
the long-term reliability of our light source. To get the maximum sweep bandwidth in our
experiments, the injected currents to the VCSEL slightly exceeded the absolute maximum
rating of the manufacturer’s data, particularly at the peaks of the current ramps. The peak
current (19 mA) was roughly two times higher than the recommended value of injection
current while the average was still in the reliable operation range. In a rough estimation, the
core of the VCSEL device repeatedly experienced temperature variations of 125 K (10 nm /
0.08 nm/K) at high cycling frequencies. The average temperature did not exceed the
recommended operation range. But the frequent changes of the temperature might apply
dynamic stress to the semiconductor structure and could potentially degrade the performance
after a long time of operation. We tested the reliability of our SS-VCSEL by a continuous
long-term operation. Figure 13 shows the measured output power variation of our SS-
VCSEL. During the test of 230 hours, no considerable decrease in output power was observed
as well as in axial resolution of the OCT system. A slight deviation of power could be
explained by the case temperature variation of + 1.5 K around 3°C observed in our test. It is,
yet, insufficient to make a final conclusion on the long-term reliability and needs further
systematic investigation. But the test result gave a positive sign on the reliable operation of
our SS-VCSEL.
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Fig. 13. Output power variation of the SS-VCSEL running at f'= 5 kHz. Notice that no
significant decay was observed within 230 hours of continuous operation.
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6. Conclusion

In this report, we introduced a new swept source for SS-OCT that can be useful in cost-
sensitive applications. In our SS-VCSEL, a VCSEL diode laser was directly modulated by
current pulses. The self-heating effect brought a wavelength shift in accordance to the
temperature rise caused by the injected current. The self-heating sweep produced a
continuous modulation of the laser light in optical frequency. We tested various properties of
our SS-VCSEL light source. Our source was found to provide interesting characteristics. The
maximum sweep bandwidth was 10 nm that supported an axial resolution of 135 um in SS-
OCT. The instantaneous linewidth was so fine that an imaging range of ~10 cm could be
supported. The OCT imaging test verified that our source could be used in SS-OCT imaging
despite the narrow bandwidth. The inherent weakness of narrow bandwidth and low power is
expected to be alleviated by further studies and improvements. Obviously, our SS-VCSEL
can hardly become a versatile source for all the OCT applications. But it seems attractive and
considerable in some specialized areas where instrumentation costs or imaging ranges are the
main issues.
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